Introduction
============

Technology in cardiac surgery, anesthesia, and perioperative care continues to improve; however, risks of severe postoperative complications or death are still high among the patients who undergo cardiac surgical procedures.[@b1-tcrm-14-313],[@b2-tcrm-14-313] Studies showed that the postoperative death rate within 30 days was between 2.8% and 4.8%, which might be related to the multi-organ ischemia-reperfusion injuries and systemic inflammation resulting from the extracorporeal circulation (ECC) procedures used during cardiac surgery.[@b3-tcrm-14-313]--[@b5-tcrm-14-313] Therefore, treatment strategies accounting for perioperative interventions, reduction of ECC injuries, and improvement of patient prognosis are particularly important.

Brain natriuretic peptide (BNP) is a circulating hormone secreted by the heart ventricle muscles and plays an important role in the regulation of blood pressure, osmotic equilibrium, and cardiovascular functions.[@b6-tcrm-14-313] Recently, BNP has become a major marker in the diagnosis of cardiovascular diseases and a reliable indicator for prognosis estimation.[@b7-tcrm-14-313] Meanwhile, it is also being used to treat heart failure due to its potent effects on natriuresis, diuresis, vasodilation, blood pressure reduction, and renin-angiotensin-aldosterone system inhibition.[@b8-tcrm-14-313] Both recombinant human BNP (rhBNP) and endogenous BNP have similar structures and biological activities. Recent studies have shown that rhBNP administration during the perioperative period could improve the prognosis of patients undergoing cardiac surgery, shorten their hospital stays, lower the postoperative mortality rate, and reduce myocardial injuries, pulmonary edema, kidney injury, and systemic inflammation.[@b9-tcrm-14-313],[@b10-tcrm-14-313]

The present study investigated the data of randomized controlled trials (RCTs) conducted during the past 10 years that were relevant to the effects of rhBNP application on the prognosis of patients who underwent cardiac surgery and applied meta-analysis from the perspective of evidence-based medicine, to obtain better clinical evidence.[@b11-tcrm-14-313]

Materials and methods
=====================

Literature retrieval
--------------------

Manual/computerized literature retrieval was carried out to collect the results from RCTs evaluating the perioperative administration of rhBNP in patients who underwent extracorporeal circulation procedures. The English databases included Medline, Embase, and The Cochrane Library. The Chinese databases included CNKI, CBB, CQVIP, and WANFANG. The relevant registered clinical data from Google Scholar and the clinical trials website were also included. The search included publications from the beginning of the database inception until December 2016. Medical subject headings and text-word searches were performed. English medical subject headings included "natriuretic peptide, brain," "Nesiritide," "cardiopulmonary bypass," "cardiac surgical procedures," "thoracic surgery," and "cardiac surgery." The Chinese search words included "BNP," "Nesiritide," "Xinhuosu," "cardiac surgery," "ECC," "heart valve replacement surgery," and "coronary artery bypass." A retrospective literature review was performed, and the authors were contacted so that the materials could be as detailed as possible.

Inclusion and exclusion criteria
--------------------------------

We included studies with the following characteristics: 1) RCTs, blinding or allocation concealment; 2) data related to the application of rhBNP during the perioperative period in patients who underwent cardiac surgery; 3) data from control groups (placebo or other treatment medicine) to be pooled during analysis; and 4) evaluation of length of intensive care unit (ICU) stay, length of hospital stay, mortality rate at postoperative day 30, serum creatinine (Scr) levels, pulmonary artery pressure, time to ventilator discontinuation, and 24-hour urine volume. Studies were excluded if they were without clear intervention strategies, duplicates, without clear outcome measures, or with measures that could not be pooled.

Literature selection and quality evaluation
-------------------------------------------

Two reviewers performed study screening and quality evaluation independently, and extracted the information according to a predesigned form. Disagreements were discussed or presented to a third reviewer until a consensus was reached. In cases of missing data, authors were contacted directly whenever possible to obtain the missing data. The included studies were evaluated using the Jadad scoring system. The correct description of the randomization method was rated as 2; mention of "random," "random allocation," or "randomize" was rated as 1; a correct description of the double-blind procedure was rated as 2; mention of using a "double-blind procedure" was rated as 1; description of causes and number of withdrawal/lost cases was rated as 1. A score of 2 out of ≤5 was considered as a low-quality study, and a score of ≥3 were considered as a high-quality study.

Statistical analysis
--------------------

Review Manager version 5.2 software (RevMan for Windows 2003; the Nordic Cochrane Center, Copenhagen, Denmark) was used to perform the statistical analysis. Heterogeneity among the same category was evaluated using the *χ*^2^ test: if *P*≥0.1 and *I*^2^≤50%, the probability of heterogeneity was considered to be low, and the fixed-effects model would be used; if *P*\<0.1 and *I*^2^\>50%, heterogeneity was considered to be present and the causes would be analyzed. If the heterogeneity was too high, only a descriptive analysis would be performed instead of a meta-analysis. Count data were analyzed using the odds ratio (OR). Continuous data were analyzed based on the weighted mean differences (MDs) if the variables measured were the same; otherwise, they were analyzed based on the standardized mean difference (SMD). The 95% confidence intervals (CIs) were calculated for all the analyses.

Results
=======

Characteristics of the included studies
---------------------------------------

A total of 370 related studies resulted from the preliminary screening. After removal of the publications that were duplicated or apparently did not meet the inclusion criteria, full text/reference reading, and search among registered clinical trials, data from 12 studies and one clinical trial \[NCT01440881\] which was completed but not published, were subject to further analysis. One clinical trial used nesiritide or milrinone in the treatment group without detailed grouping information and thus has been excluded in our study. In addition, two publications that were based on the same population, but different conclusion markers, were both included. Therefore, a total of 12 RCTs were analyzed, including 375 patients in the treatment group and 378 patients in the control group. All the patients had been subject to open-chest cardiac surgery under the ECC. The flowchart in [Figure 1](#f1-tcrm-14-313){ref-type="fig"} shows the publication selection process and its results. The basic information about the studies included and the evaluation of the corresponding methods used are summarized in [Table 1](#t1-tcrm-14-313){ref-type="table"}.

Meta-analysis results
---------------------

### Adverse events

A total of seven studies reported adverse events during the hospital stay. They included death during hospitalization, acute kidney failure, dialysis, atrial fibrillation, low blood pressure, and dizziness. All data displayed high homogeneity, and the meta-analysis results showed that the incidence of adverse events was significantly lower in the treatment group compared with the control group ([Figure 2A](#f2-tcrm-14-313){ref-type="fig"}) (MD =0.55, 95% CI \[0.36, 0.84\], *P*\<0.05), and the corresponding symmetric funnel plot indicated the absence of publication bias.

### Mortality rates after the surgery

All RCTs reported the mortality during the hospital stay. In the present meta-analysis, the mortality rates among all the hospitalized patients were analyzed ([Figure 2B](#f2-tcrm-14-313){ref-type="fig"}). All data displayed adequate homogeneity (*P*=0.67, *I*^2^=0%). The meta-analysis results indicated that the differences in the mortality rates during the hospital stay were not significant between the treatment group and the control group (OR =0.72, 95% CI \[0.29, 1.78\] *P*=0.48), and the symmetric funnel plot indicated the absence of publication bias.

### Length of ICU stay and hospital stay

Six studies compared the length of ICU stay ([Figure 3A](#f3-tcrm-14-313){ref-type="fig"}) and four studies compared the length of hospital stay ([Figure 3B](#f3-tcrm-14-313){ref-type="fig"}). The remaining studies displayed some heterogeneity. The meta-analysis results showed that ICU stay was significantly shorter in the treatment group compared with the control group (MD =−12.68, 95% CI \[−20.58, −4.79\], *P*=0.002). Similarly, the hospital stay was also significantly shorter in the treatment group when compared with the control group (MD =−1.57, 95% CI \[−2.59, −0.55\], *P*=0.003).

### 24-Hour urine volumes after the surgery

Five studies presented the results of 24-hour urine volumes after surgery ([Figure 4A](#f4-tcrm-14-313){ref-type="fig"}). All the studies display some heterogeneity, *I*^2^=28%, and a fixed-effects model was applied. The meta-analysis results showed that 24-hour urine volume after the surgery was significantly higher in the treatment group compared with the control group (MD =397.64, 95% CI \[277.28, 518.00\], *P*\<0.00001).

### Changes in Scr

A total of four studies presented the maximal changes in the Scr levels after the surgery ([Figure 4B](#f4-tcrm-14-313){ref-type="fig"}). All the data displayed fair homogeneity. The meta-analysis results showed that the maximal increase in Scr levels was significantly lower in the treatment group compared with the control group (MD =−19.89, 95% CI \[−26.87, −12.91\], *P*\<0.00001).

### Analysis of inflammatory markers

Three studies compared the changes in postoperative inflammatory markers, which included TNF-α, IL-1β, IL-6, and IL-10. We applied meta-analysis to the peak postoperative values of TNF-α among those three studies ([Figure 4C](#f4-tcrm-14-313){ref-type="fig"}) and found that they were significantly lower in the treatment group compared with the control group (MD =−4.44, 95% CI \[−6.27, −2.60\], *P*\<0.00001).

Discussion
==========

The BNP was first identified in the porcine brain by Sudoh et al during the 1980s,[@b18-tcrm-14-313] and it has been widely used ever since. It is the only natural antagonist of the renin-angiotensin-aldosterone receptor within the body, and it has extensive biological effects: 1) it inhibits the secretion of renin and aldosterone, increases glomerular filtration rate, and suppresses sodium reabsorption in the inner medullary collecting duct to increase the urine volume; 2) it relaxes vascular smooth muscle, dilates arteries and veins, reduces the cardiac afterload, and decreases the pulmonary wedge pressure; and 3) it inhibits expression of fibrotic and inflammatory genes and myocardial fibrosis, and lessens ventricular remodeling.[@b12-tcrm-14-313]--[@b16-tcrm-14-313] The rhBNP has a similar structure and biological activity to the endogenous BNP. In 2001, rhBNP, under the brand name Natrecor^®^ (generic name nesiritide; Johnson Company, NJ, USA), was approved by the US Food and Drug Administration for clinical applications. In China, XinHuoSu^®^ (Nuodikang Company, Chengdu, China), a similar product, has been used in clinical practice since 2005. Since then, large-scale clinical trials have confirmed the safety and effectiveness of rhBNP in the treatment of congestive heart failure, and its use has become widespread.[@b17-tcrm-14-313]--[@b19-tcrm-14-313]

Animal experiments showed that perfusion with rhBNP during coronary artery bypass surgery could significantly reduce the infarct region, protect vascular endothelial function, and reduce the onset of pulmonary edema.[@b20-tcrm-14-313] Meanwhile, a large number of studies on the safety and effectiveness of the application of rhBNP during the perioperative period in patients who underwent ECC procedures have been carried out in China and across the world.[@b21-tcrm-14-313]--[@b24-tcrm-14-313] In the present meta-analysis, we included the majority of the available RCTs that studied the perioperative administration of rhBNP during cardiac surgery. The present results showed that rhBNP could significantly reduce the incidence of adverse effects after cardiac surgery and shorten the ICU stay and hospital stay.[@b25-tcrm-14-313],[@b26-tcrm-14-313] However, it did not lower the postoperative mortality rate in the treated patients.

Cardiac surgery with ECC can cause multi-organ dysfunction, the most common one being acute kidney disorder (AKD). It was observed that AKD not only prolonged hospital stay but also increased the mortality rate among the patients. Our meta-analysis showed that the administration of rhBNP during the perioperative period could significantly lower the Scr peak levels and increase 24-hour urine volumes. Mentzer et al indicated that patients with weakened kidneys benefitted more significantly from intravenous infusion of rhBNP during the perioperative period than patients with normal kidney function.[@b5-tcrm-14-313] rhBNP inhibits the over-activation of sympathetic nerves, lowers the levels of circulating norepinephrine, suppresses the renin-angiotensin-aldosterone system, and reduces the levels of circulating renin/aldosterone. The protective effects of rhBNP during the perioperative period might be achieved through its functions in improving the heart function and renal perfusion and increasing the glomerular filtration rate.

Additionally, during the ECC, the systemic inflammatory response syndrome (SIRS) can be easily triggered by both the direct contact between the blood and the artificial surface of the ECC system and the surgical trauma itself; thus, the prognosis of the patients can be severely affected. Three studies in the present meta-analysis investigated the effects of rhBNP on SIRS. Our results showed that rhBNP could significantly lower the SIRS marker TNF-α. TNF-α is a potent and key mediator in the development of SIRS. This protection by rhBNP might be related to its capabilities of lowering the pressure and resistance of pulmonary circulation, increasing cardiac output, and improving the systemic perfusion.

In conclusion, the application of rhBNP during the perioperative period may lower the occurrence rate of postoperative complications, length of ICU stay, and length of hospital stay. In addition, rhBNP may mitigate the trend of kidney injury and inflammation response after cardiac surgery. However, rhBNP did not affect the postoperative mortality rate. Collectively, the application of rhBNP during the perioperative period may present a greater clinical benefit in patients with cardiac surgery.
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![Flowchart of the literature selection process and its results.\
**Abbreviations:** ANP, analytical network process; RCT, randomized controlled trials.](tcrm-14-313Fig1){#f1-tcrm-14-313}

![Comparison of the incidence of adverse events (**A**) and the mortality rates during the hospital stay (**B**) between the treatment and control groups.\
**Abbreviations:** BNP, brain natriuretic peptide; *df*, degrees of freedom.](tcrm-14-313Fig2){#f2-tcrm-14-313}

![Comparison of the length of ICU stay (**A**) and hospital stay (**B**) between the treatment and control group.\
**Abbreviations:** *df*, degrees of freedom; ICU, intensive care unit; BNP, brain natriuretic peptide.](tcrm-14-313Fig3){#f3-tcrm-14-313}

![Comparison of 24-hour urine volumes (**A**), maximal changes in Scr after the surgery (**B**), and the peak postoperative value of the TNF-α (**C**) between the treatment and control groups.\
**Abbreviations:** BNP, brain natriuretic peptide; *df*, degrees of freedom; Scr, serum creatinine.](tcrm-14-313Fig4){#f4-tcrm-14-313}

###### 

Characteristics of the studies included and the quality evaluation

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Included studies                 No. of cases   Intervention approach                                                                                                                                                                                             Results                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  Jadad score
  -------------------------------- -------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------
  Mentzer et al[@b5-tcrm-14-313]   303            Nesiritide administration before CPB\                                                                                                                                                                             Number of adverse events: three in the treatment group and five in the control group. Increases in Scr levels (mg/dL): 0.15 in the treatment group and 0.34 in the control group; mean decreases in pulmonary artery pressure (mmHg): treatment group, −2.8±7.9; control group, −1.9±7.8. Urine 24-h volumes (mL): treatment group, 2,926±1,179; control group, 2,350±1,066. No significant difference in the total days of hospital stay (*P*=0.49) between the two groups; time to discontinuation of ventilation (h): treatment group, 21.8±22.2; control group, 29.3±72.9. No significant difference in the total days of hospital stay (*P*=0.49) between the two groups; treatment group, 9.1±6.1; control group, 11.5±9.8. No significant difference in the total days of hospital stay between the two groups.   5
                                                  0.01 μg/kg/min                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  Chen et al[@b6-tcrm-14-313]      40             Treatment group (17): nesiritide administration after anesthesia 0.01 μg/kg/min, 24-h control group (19) administration of equal dose of physiological saline                                                     Number of cases of adverse events: five in the treatment group and three in the control group. Urine creatinine levels: treatment group, 1.7±0.5; control group, 1.7±0.7 (*P*=0.68). Serum BNP and cGMP levels: treatment group higher compared with the control group (*P*\<0.05). Creatinine clearance: treatment group higher compared with the control group (*P*\<0.05). Urine 24-h volume after the surgery (L): treatment group, 2.6±0.9; control group, 2.8±1.4.                                                                                                                                                                                                                                                                                                                                                 5

  Beaver et al[@b8-tcrm-14-313]    20             Treatment group (9): nesiritide administration at the third hour after surgery 0.01 μg/kg/min 72 h Control group (10) administration of equal dose of physiological saline                                        Pro-BNP levels after surgery (ng/mL): treatment group, increased from 1,307 to 2,863; control group, increased from 652 to 1,032. Increases in Scr levels (mg/dL): treatment group, 0.1; control group, 0.15; Urine volumes (mL/kg/hour): treatment group, 1.33; control group, 1.68 (*P*=0.14).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         5

  Ejaz et al[@b9-tcrm-14-313]      94             Treatment group (45): nesiritide administration before surgery 0.01 μg/kg/min 5 days. Control group (49): administration of equal dose of physiological saline                                                    Number of cases of adverse events and mortality rate on day 21: treatment group (3), 6.6%; control group (3), 6.1% (*P*=0.914). Occurrence rate of acute kidney failure: treatment group vs the control group (2.2% vs 22.4%). Length of hospital stay (d): treatment group, 20.73±3.05; control group, 21.26±4.03.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      5

  Ejaz et al[@b9-tcrm-14-313]      37             Treatment group (14): nesiritide administration after surgery 0.01 μg/kg/min 48 h. Control group (15) administration of equal dose of physiological saline                                                        Number of cases of adverse events and mortality rate on day 21: treatment group 0 (14) and control group 3 (15)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          5

  Liu et al[@b10-tcrm-14-313]      60             Treatment group (30): XinHuoSu administration after surgery 2 μg/kg iv, followed by 0.02 μg/kg/min Control group (30) administration of equal dose of physiological saline.                                       Urine 24-h volumes: treatment group, 3,325 mL; control group, 3,826 mL; after medicine treatment, sPAP, dPAP, mPAP, PAWP, and PvR levels were significantly decreased (*P*\<0.01); CI significantly increased (*P*\<0.05). No severe complications occurred.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             2

  Jie et al[@b11-tcrm-14-313]\     30             Treatment group (15): priming solution of ECC machine contained 0.5 mg XinHuoSu\                                                                                                                                  Serum levels of CK, CK-MB, LDH, MB, and cTNT were all significantly increased after surgery; the magnitude of the increase in the treatment group was lower than that in the control group (*P*\<0.05); time to the ventilator discontinuation (h): treatment group, 13.2±6.18; control group, 14.0±5.64. ICU stay: treatment group, 31.4±11.2; control group, 32.5±10.9.                                                                                                                                                                                                                                                                                                                                                                                                                                                1
  Jiang et al[@b12-tcrm-14-313]                   Control group (15): regular Ringer's solution                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

  Wu et al[@b13-tcrm-14-313]       33             Treatment group (15): rhBNP administration before CPB 0.0075 μg/kg/min 24 h; Control group (18): regular treatment                                                                                                Postoperative Scr: treatment group was significantly lower compared with the control group at the 8th hour and 24th hour; NT-ProBNP at the 24th hour after surgery: treatment group was lower compared with the control group (*P*\<0.05); urine 24-h volumes (mL): treatment group, 2,275±145, which was significantly higher compared with the control group, 1,927±267 (*P*\<0.01).                                                                                                                                                                                                                                                                                                                                                                                                                                   2

  Zhao et al[@b14-tcrm-14-313]     40             Treatment group (20): perioperative administration of rhBNP for 2--7 days; Control group (20): regular treatment                                                                                                  Death cases were not reported from either group. One case of kidney failure was reported from the control group. Total days of hospital stay: treatment group 7 days and control group 10 days; LVEF and CI were both significantly increased and NT-proBNP were significantly decreased in the treatment group.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         2

  Lin et al[@b15-tcrm-14-313]      32             Treatment group (16): rhBNP administration before arterial blockage during CPB, 1.5 μg/kg/min 5 min, followed by 0.0075 μg/kg/min 24 h. Control group (30) administration of equal dose of physiological saline   No death cases were reported from either group. In the treatment group, levels of ETtDAO, LPS, and TNF-Ot were significantly lower compared with the control group (*P*\<0.01). Serum ET -- l and DAO levels were positively correlated (*r*=0.5l, *P*\<0.01), serum DAO and LPS levels were positively correlated (*r*=0.77, *P*=0.01), and serum LPS and TNF. Ot levels were positively correlated (*r*=0.48, *P*\<0.01).                                                                                                                                                                                                                                                                                                                                                                                              2

  Zhang et al[@b16-tcrm-14-313]    20             Treatment group (10): Xinhuosu administration after surgery 0.01 μg/kg/min 24--48 h. Control group (1,010) regular treatment                                                                                      Length of hospital stay after surgery (d): treatment group, 8.7±3.8, and control group, 11.3±5.7; the maximal changes in Scr after surgery (μmol/L): treatment group, 38.3±20.6, and control group, 70.2±30.1; the maximal changes in GFR (mL/min): treatment group, −20.2±11.6, and control group, −53.7±12.1; urine 24-hour volumes (mL): treatment group, 2,869±1,082, and control group, 2,231±769; length of ICU stay(h): treatment group, 42.8±38.3, and control group, 76.8±28.9.                                                                                                                                                                                                                                                                                                                                 1

  Gao et al[@b17-tcrm-14-313]      38             Treatment group (21): rhBNP administration after surgery 1.5 μg/kg at the beginning followed by 0.0075 μg/kg/min 24 h. Control group (17) regular treatment                                                       Adverse events: treatment group, four cases/six cases per time; control group, three cases/three cases per time. One case of death occurred in both the treatment and control groups, respectively. PCWP and mPAP decreased in both groups, whereas CI increased. The change magnitudes were significantly different between the two groups.                                                                                                                                                                                                                                                                                                                                                                                                                                                                             2
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** CPB, cardiac pulmonary bypass; Scr, serum creatinine; BNP, brain natriuretic peptide; ICU, intensive care unit; ECC, extracorporeal circulation; LVEF, left ventricular ejection fraction; GFR, glomerular filtration rate; rhBMP, recombinant human brain natriuretic peptide.
